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ABSTRACT 



PURPOSE: To uniformly form a semiconductor film of few defects by a low temperature 
film forming means which film is constituted of a polymer film provided with a texture 
trench, by forming a polymer film layer on the surface of a master by a spin-coating 
method, and baking the polymer film layer. 

* * . 

CONSTITUTION: A master 3 for a substrate is mounted on a spinner. While the master 3 
is rotated, solution wherein polyimide monomer is dissolved in methyl ethyl ketone is 
dripped on the master 4 surface. After a polymer film layer is peeled from the master 3 for 
a substrate, the polymer film layer on which etch-pits of the master 3 are transferred is 
baked. Thus a polymer film substrate 4 is manufactured. A polymer film substrate provided 
with a texture trench wherein the crest part and the valley part are worked in a curved 
^surface can : b~e svnply and surely manufactured, and the photoelectric conversion 
efficiency tifan obtained photoelectric transducer can be improved. 
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TERIALS 



Similar networking structures wore also nhiained wiih 
cold panicles where muliiple copies of Jithiols were ex- 
changed inio the protecting monolayers prior U> LB com- 
pression, as well ns with oilier metal panicles such as al- 

.i.-.i... i ^.•.ii...iinm ri'irjirlcv 1 ' 1 Rv touno too 

Kaneiim»»»uc-pi »»»wvtt*j j/»n«*i%»-%*»«« t — - s — 

* air'waier interface ns ihe substrate, networking siruciures 
of metal as well as semiconductor nanoparticles can, in 
principle, be constructed by the above approach with ap- 

* propriaie Afunctional linkers. With monodisperse particles, 
it is likely that a macroscopic superlalliee network can be 
fabricated, where the particle distribution can be manipu- 
lated by. for instance, the linker chain length. The resulting 
assemblies can then easily be deposited onto solid substrate 
surfaces and serve as the structural basis for the construc- 
tion of more complicated nanocomposite structures, on 
which further investigations can be carried out. for in- 
stance, anisotropic electron-transfer (hopping) kinetics, op- 
toelectronic properties, and nanopanicle-based lithog- 
raphy.^'' • 

To conclude. 2D crosslinked nanoparticle networks were 
fabricated by the Langmuir-Blodgett technique where the 
bridsiins of neighboring particles was effected by rigid 
dithiol linkers, resulting in macroscopic patches of particles 
visible on the air/water interface even at low surface pres- 
sure. TEM measurements revealed close-packed particle 
assemblies, consistent with the red-shift observed in the op- 
tical spectroscopy measurements. 

Experimental 

l-Hexnnethiolate-proiected gold (OiAu) nanoparticles were synthesized 
in a hiphasic sy>tem. as reported previously [12.l5|. The panicles were i hen 
partially fractionated using a mixture of toluene and cthanol [31 J. »i(h the 
• final gold cores consisting of rouehly I -15 gold atoms (average core diameter 
1.6 nm) |13|. 4.4^Thiohisben7encthiol (from Aldrich) and all solvents were 
used as received. LB studies were conducted at room temperature on a 
Nima 611 D Langmuir-BUxJgctt trough with a Welhelmy plate as the sur- 
face-pressure sensor and nanopure water (supplied by a Barnsiead Nano- 
pure water s>siem. 1S.3 Mil) as the suhphase. A solution (0.0S mM) of the 
fractionated panicles was prepared in hexane while TBBT was dissolved in 
chloroform to make a concentration of est. 2.4 mM. The calculated amount 
of the solutions was cast dropwise onto the water surface using a Hamilton 
microliter svringc. At lca>i 2» min was allowed for evaporation prior to iso- 
therm measurement and between compressions. Two particle layers were 
deposited onto both side* of a cleaned class slide at a surface pressure 
r. - 13 mN'.-m. Optical measurement were carried out with a L-nicam ATI 
ITY-4 spectrometer with a resolution of 2 nm. The surfacc-plasmon band 
positions were determined by the second order derivatives of the spectra. 
The TEM study was carried out with a Hitachi H7I0O microscope (75 IceV). 
TypiealK phase -contrast micro- images were captured al a<K* K to 4(10 K 
magnification. 
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Trapping Light in Polymer JKholodiodes with 
Soft Embossed Gratings** ^fj s 

By Lucimara Stofz Roman* OUc Inganas* 

Thomas GranhouL Tobias Nyherg. Mat tins Svensson. 

Mais R. Andersson. and Jan C. Hummvlcn 

Conjugated polymers are an attractive choice for use in 
electronic devices. Polymeric transistors. 11 ' light-emitting 
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diodes (LEDs)J : "" J diodes. ,J) phouidiodcs. 1 ^ 1 and solar 
cells 171 with promising performance indicators have been 
developed. Further work to optimize these materials for 
electronic applications is in progress. To obtain functional 
microelectronic devices it is necessary to pattern the active 
semiconductor layers and the electrodes. In conventional 
silicon technology this is done using standard photolithog- 
raphy processing. These patterning methods are not suita- 
ble for polymers because the surface could be exposed to 
solvents or UY light, which might cause material degrada- 
tion. The need to develop special patterning techniques for 
polymers is important, and here soft lithography offers al- 
ternatives. Soft lithography is a set of gentle processes that 
can be used for patterning in polymeric devices: micro-con- 
tact priming.'* 1 replica molding. ,y| self-assembled mono- 
layers.^" 1 and put-down and lift-up techniques.' 11 * Printing 
of electrodes with elastomer stamps has been used to pro- 
duce arrays of LEDs. ,M| These structures were well beyond 
1 urn in dimensions. Here we demonstrate another soft 
lithograph) technique, soft embossing, for patterning sub- 
micrometer topographical features on large areas of an ac- 
tive polymer layer. This grating is used 10 enhance the per- 
formance of polymer photodiodes by trapping light into 
the polymer film. 

In the creation of conjugated polymer photovoltaic de- 
vices, a limiting aspect of the device physics is the short dif- 
fusion length of excited slates in conjugated polvmers. typi- 
cally in the range 5-10nm. ,,: ' The optical absorption of 
conjugated polymers is strong, but even at the maximum 
absorption, the penetration depth of light into these mate- 
rials is in the range 10-100 nm. We therefore have to com- 
bine the generation of excited slates over 10-100 nm depth 
and harvesting, which occurs over a much shorter distance. 
The dissociation of excited slates, neccssarv for creatine 
charge carriers, occurs at interfaces, impurities, or in sironq 
electric fields. Efficient charge generation can occur if all 
cxciied stales can find a dissociating site close enough; this 
is done in the distributed donor-acceptor networks' 1 ^ 1 * 4 * 
based on combination of conjugated polymers and efficient 
acceptors such as C,„> The use of asymmetric contacts of 
different work function gives a built-in electric field to sep- 
arate the charge carriers and extract a photocurrcm. Bv 
making thicker polymer layers, to collect more of the light 
by absorption, we also decrease the field and reduce the 
collection efficiency, forcing us to compromise the pholo- 
current. !,<i It is therefore desirable to make \er\ thin de- 
vices, but to find ways of enhancing the absorption in these 
polvmer hi vers. 

One way of reconciling these different requirements is lo 
trap light into the polymer layers by diffraction into guided 
modes in the ihin polymer films. This approach has been 
used lo enhance light trapping and absorption in silicon so- 
lar cells. 11 '* 1 particularly in the energy range where optical 
absorption in silicon is low thus increasing the conversion 
efficiency.' 1 ' Theoretical result v show thai :i 5 pm Si cell 
with a staircase grating has about the same absorption as a 



20-times thicker cell with a planar reflector. 1 '*' While opti- 
cal absorption in the conjugated polymers is high, we at- 
tempt to use a similar approach in order to trap lignt into 
the thinner polymer films. 

We have used an clastomeric mold to transfer a suhmi- 
crometer grating pattern from a commercially available 
grating template lo the active polymer layer in a photovol- 
taic device. The topography of the polymer layer is now a 
grating, with a period defined by the template and a grating 
depth defined by processing conditions. An evaporated 
metal is used as the electrode and follows the topographv 
of the polymer surface. We were able to find proper cou- 
pling conditions for the grating device, thus enhancing the 
absorption in the active layer and bringing up its efficiency 
To analyze the effects of the grating pattern, we studied the 
spectral response using incident light with two slates of po- 
larization, as well as ihe dependence of the photocurrent 
on the ancle of incident licht. 

The fabrication of elastomeric molds with a patterned 
submicrometer grating is presented schematically in the 
upper part of Figure 1. The polysiloxane pre -polymer (Syl- 
gard 184. Dow Coming Corporation) was poured onto a 
commercial metallic grating template and then cured at 
60 C C for 24 h. The rubber was easily peeled off the grating 
after curing. The rubber was then taken lo the scanning 
force microscope (SFM. Nanoscope 'III. Digital Instru- 
ments) where the pattern could be seen clearly, as shown in 
image to the right. The grating template reproduced was si- 
nusoidal with 3600 lines per millimeter. The photovoltaic 
devices were fabricated in a sandwich structure with a 
transparent layer of PEDOT(PSS) (poly(3.4-eihylenedi- 
oxyihiophene). Bayiron, Bayer AG, doped with polysty- 
rene sulfonate), as the hole collector electrode using an in- 
dium-tin-oxide (ITO) (120 nm) or gold (6 nm) under-layer 
in order to decrease the series resistance in the device. Alu- 
minum was used as the electron collector electrode. Two 
active polymer layers were used, one was the semiconduct- 
ing polymer PTOPT (poly(3.4-octylphenyI)2.2-hiihio- 
phene). ,,UJ deposited by spin coating onto 1TCVPED- 
OT(PSS) electrode, from a chloroform solution, with a 
thickness of 60 nm. The second was a blend of PTOPT with 
a substituted fullerene [6.h] PCBM (|6.6] phenyl-Cj-huiyr- 
ic acid methyl ester) 1 ^* 1 in the ratio 1:2. it was deposited b\ 
spin coating onto the Au PEDOTiPSS) eleci rode from a 
toluene solution: the thickness was 90 nm. 

To pattern the polymer, the patterned elastomer replica 
was put in conformal contact with half of the active pob- 
meric film area, as shown in the sequence at the bottom of 
Figure I. and the assemblv was bronchi lo the polvmer 
softness transition temperature. SO'C. After cooling, the 
stamp was removed, and left the grating pattern on the 
polymer surface. We noted that if patterning is done at 
higher temperature^ (beyond I2ti C). the polymer film will 
adhere lo the elastomei and become difficult lo remove. 
Tlie second electrode A I was v acuum evaporated through a 
shadow mask defining the aclive area for l wo electrodes. 
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Fiji. 1. Fabrication uf chistrancric molds uith patterned suhmiorometer grating; The liquid pre-polymer 
poly si lo vane is poured on;o a commercial gnilim: and .ifter curing il is peeled off. The SFM image 
shim* Ihe resuliine pattern in ihe rubber. The •♦ruling pattern is transferred to ihe surface of an active 
polymer layer by h»M emrxwing. The rubber stamp is left in conformal contact with the polymer layer 
in the M»ftne» transition. After cooling, the stamp is peeled off leaving the pattern on the polymer sur- 
face. Onlv half of the polymer area is patterned for reference measurements. The conducting polymer 
PEDOT(PSS) is.u<ed a> ihe anode, the active layer* were formed by the semiconducting polymer 
PTO PT a lone or i n n ble nd w» t h { n.ft | PCB M. 



one onto ihe grating and ihe oihcr just onlo the flat poly- 
mer surface, in order to have a reference measurement for 
ihe photoelectric behavior. We call these the orating and 
the reference photoJioJc. respectively. The action spectra 
were taken bv measuring the short circuit current using a 
Keilhley 4S5 picoammeter under monochromatic illumina- 
tion from an Oriel 257 monoehromator with a tungsten 
halogen lamp. 

Wc investigated both the neat polymer and a distributed 
donor-acceplor polymer fullerene material in these grating 
structures. In the simplest system, ihe single PTOPT layer 
device, the photon-lo-current efficiency was low. but was 
improved by the patterned electrode. Likewise we ob- 
served an enhancement of pholocurrent in the patterned 



structures incorporating the PTOPT/ 
PCBM blend, where we started from 
much higher pholocurrcnts due to the 
highly efficient phoioinduccd charge 
transfer between polymer and acceptor. 

The action spectra of ihe photodiodes. 
the ratio between pholocurrent density 
and photon flow per area (external quan- 
tum efficiency. EQEl. of the PTOPT sin- 
gle layer device with and without the 
grating, under normal light incidence is 
shown in Figure 2. The efficiency at the 
maximum peak position of the PTOPT 
absorption spectrum for Ihe grating 
diode is 30% higher than the reference. 
The efficiency enhancement in the grat- 
ing device can be observed all over the 
wavelength range with a specific reso- 
nance, a shoulder at 420 nm. In the sec- 
ond device, now with a different grating 
and the PTOPT/PCBM blend, a thin 
transparent gold layer rather than ITO 
and a thicker polymer blend film was 
used. The efficiency increased drastically 
with the introduction of fullerenes into 
PTOPT. making the measurements eas- 
ier. In the spectral response of the grat- 
ing and reference diodes under normal 
incidence (Fig. 3) we notice the enhance- 
ment in efficiency all over the spectrum 
with the grating photodiode. At maxi- 
mum peak position the enhancement of 
EQE w as around 26 %. In this system no 
resonant peak was found for the wave- 
length range investigated. 

The amount of enhancement in photo- 
current and the resonance peak position 
are qualities of the grating defined by the 
geometrical properties of the grating and 
device geometry. Among the parameters 
involved is the index of refraction, the 
thickness of the different layers, the ab- 
sorption coefficient of every layer in the device, the grating 
shape, period, and depth. As the optical constants of the 
different layers show dispersion, and in the case of poly- 
mers also anisotropy. 1 -'* the modeling is a subtle exercise. 
For one thing, we do not expect to be able to observe the 
sharp resonance found in the first order modeling: disper- 
sion in the optical constants and irregularities in the grating 
will certainly forbid this. This will assist us in our coal — to 
make a broadband collection of photons in order to in- 
crease the pholocurrent. 

In the neal polymer device, the grating profile on the 
PTOPT surface w as imaged w ith SFM I Fit*. 2). The sinusoi- 
dal shape and the period of 277 nm (see cross-section) is 
given by the master template used (Fig. 1 5 and the depth 
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Vij. Z. A ".ion vpccir.i of ITO PHDOTi PSS CPTOFT A) ucvicv will) • nnd wiihoui ' C i cr;»:ini:. Tin; aS^orplion spec- 
iruiv. of PTOPT p. ilvnur i> plotted av ;•. solid line Tru* measurement arc performed on the same sample. u»n«: dil'teieni 
•\i i'on;.id? onio Ha! paMcrned polyme: surface. The effieienev of ihe patterned diode is preaiei than lhat o! Ihe p!anar 
one Tin- iivaiini: rouple* lo lUv deviic. im'provjn-: the absorption, crcatimi ;• shoulder with llu maximum ir. the v\a\eLiv_*:h 
«»: -O- nn: Tik SFM irr.aiv show* thv patterned PTOPT polymer laver The iiraiini: period, nm is *hown in tin erov.- 



• here around !" nm) is dependent on flic pressure applied 
during I Ik- embossing. The index of refraction and the ab- 
sorption coefficient were measured in spectroscopic ell ip- 
someirv. and :1k laver thickness wiih a Sloan Dektak 3031 1 
profilomeier. In prelimir.arv optical modeling «v Uumd 
ih.ii in ;iii* dev ice the ITO laver is coupled wiih the iiralinp. 
because o! the Inch \olue tor the index of refraction in 
I*! <. ). Ahhouch the main lichl confinement was into the 
ITO lave;, the collateral efiect w;iv an enhancement of sib- 
Mirp;i«»ii in the PTOP1 htvei. Tiu photoivsponse behavior 
ijuMe xen^mve to variation* in *:i.:iiut: and device ".com- 
et: v. When chancing liom ilea; polvmcr to the blend for 



t he active laver. the thickness and index of refraction value 

■ 

of l he active laver caused ;i different cralinc-devicc cou- 
pling. ihiiN diminishing the phoiocurrenl value ol the gritt- 
ing diode compared lo the reference. We therefore chose 
to use an Au PHDOTiPSS) clcciiode in the VI OPT 
PCRM device Even though the gold electrode presents 
Inch losses due lo reflections at the class- gold interlace, 
the liirhi trapping in the active layer was impnned. Tlie 
pattern i*n the blend vv;!v ;i ni;ini?ul.u shaped craliiiL 1 with 
lines per millimetei. civinp a period »»| - In nm. The 
•rralini: profile on the polymer surface imaged b\ STM (the 
boliom part of Fio. >i confirms the shape and peri«»d of the 
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Fig. Action spectra of Aa PEDOT(PSS)'PTOPT:[6.6| PCBM (1:2). A1 device wilh (•) and withoul (Coaling. The ab- 
sorption spectrum of the PTOPT:PCBM \:2 Wend i< plotted as a solid line. The measurements arc performed on the wmc 
sample, using different Al contacts ontu flat and patterned polymer surface. The efficiency' of the patterned diode i> higher 
than that of the flat one. The SFM image is taken from the patterned blend polymeric layer. The grating period. Jlfi nm. 
is shown in the cross-section. 



master: the depth of the embossed grating was 15 nm 
(cross-section). 

Having observed the desired enhancement of efficiencv 
in the "ratini! diodes, we wish to verifv whether this is due 
10 the presence of the grating or. not. By using polarized 
light, we were able to align the grilling direction parallel or 
transverse to the state of polarization, and thus make the 
grating decisive or unimportant with respect to the propa- 
gation of light in the lavcrs. Bv varvino the angle of inci- 
dent light, we could also vary the coupling efficiency of the 
grating. 

The grating influence was investigated in experiments 
using incident notarized, light in two orthogonal states of 



polarization, transverse and parallel, with respect to- the 
grating lines. In Figures 4a. b arc presented the action spec- 
tra of the eralinn and reference diodes under normal light 
incidence in transverse and parallel light polarization, for 
polymer and polymer blend devices, respectively. Both de- 
vices have sublinear dependence of photoeurrcnt on light 
intensity, which resulted in higher phot ocon version effi- 
ciency under lower light intensity, as the polarized light has 
half of the ordinary light intensity from the monochroma- 
tor. The parallel mode excites the grating coupling, thereby 
trapping light and improving phoioconversion. In trans- 
verse mode we observe no stronc influence of the era tins, 
but we observe that the grating diode still exhibits higher 
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Pic. 4 Measurements of action spcclra of: al ITO PEDOT(PSS) 'PTOPT;Al and b) AuTFDOT(PSS)/PTGPT:|6.6]PCBM (1:2) Al devices in 
the patterned (mp) and floi (bottom) clccirodcs under two orthogonal stales of light polarization parallel (solid line) and transverse (dashed 
line) under normal liyhi incidence. 



phoiocurrenl (mainly above 450 nm). probably because of 
the decrease in the polymer thickness al the valleys of the 
grating pattern, thus increasing the field and the charge col- 
lection. This is more visible in the case of a blended materi- 
al (Fig. 4b) where the exciton dissociation and charge col- 
lection are more effective. The increase of the area of the 
polymer-metal interface due to the grating is less than 1 % 
compared to the ordinary area. The reference diodes in 
both devices presented equal action spectra under both 
slates of polarization. In the case of a single layer device 
(Fig. 4a) the peak at 420 nm is again preseni for the paral- 
lel light polarization, but disappears for transverse polar- 
ization. For the polymer blend device, we do not observe a 
resonant peak. Preliminary predictions from optical model- 
ing suggest i ha i resonance would appear beyond 700 nm. 
In this range there is link- absorption in the polymer, but 
appreciable absorption in the gold: therefore we cannot ob- 
serve a resonant con iri but ion to I he phoiocurrenl. 

W hen varvini; both annle of incident Huh! as well as usinc 

• « * * 

transversa and parallel polarization stales, in the neat poly- 
mer device we note the resonant peak moving with the an- 
gle of lighi incidence. Under parallel polarization and 70' 
incidence the efficiency was more than four limes hichcr 
for almost all ihe wavelength range. Beyond 7(V incidence, 
the reference diode presented a very small phoiocurrenl 
while l he uroiin^ diode was still able lo absorb litihl deliver- 



ing an appreciable phoiocurrenl. Similar behavior was 
found for the blend device in experiments of spectral re- 
sponse dependence on angle of incidence. We obtained 
higher improvement in the efficiency ratio (pattern/ref- 
erence) for higher angles of incidence, under parallel light 
polarization mode. 

In conclusion, these results give strong and direct evi- 
dence that the grating function improves the optoelectric 
properties of phoiodiodes. The detailed modeling of such 
grating diodes can be used to optimize performance, 
something we have not yet attempted: ii will require a si- 
multaneous optimization of materials, layer thickness, 
and grating geometry, under full consideration of the dis- 
persion of optical constants and the possible optical an- 
isotropy of the polymer films. We have demonstrated ihe 
possibility of using submicromelcr patterning using soft 
lithography, to implani structure in polymer photodiodes 
over large areas in order to produce gratings to improve 
light trapping on thin active layers of polymeric photo- 
voltaic devices. As ihis simple patterning technique is 
cheap and suitable for recl-lo-recl production over large 
areas, it may coniribuie to ihe goal of efficient photoe- 
lectrical energy conversion using organic polymers and 
molecules. 
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